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ABSTRACT 



The dynamic moduli of rigidity of aluminum and aluminum-magnesium 
alloys were determined as a function of temperature by means of a torsion 
pendulum. Frequency measurements were used to calculate the relative 
values of the moduli at temperatures ranging from 23 °C - A60°C, 

Results obtained reveal that' the presence of magnesium in amounts 
of 0.54 atomic per cent or greater restrain relaxation of shear strains 
across the grain boundary. V/hereas pure aluminum exhibits relaxation 
at 180®C, the aluminum-magnesium alloys did not exhibit the same relaxa- 
tion until a temperature of about 40®C higher for the same frequency was 
attained. Further, the degree of relaxation, of approximately 

^u 

0.36 exhibited by pure aluminum is reduced to approximately 0.31 in the 
case of the aluminum-^nagnesium alloys. 

These phenomena mi^t be explained on the basis of an effect 
created by the selective accommodation of the magnesium atoms within 
the grain boundary and the possibility that the activation energy for 
grain boundary shearing is increased by the addition of small amounts 
of magnesium to high purity aluminum. 
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INTRODUCTION 



The mechanical behavior of grain boundaries in polycrystalline pure 
metals has been clarified by a series of illuminating articles by 
It has been shovjn that many phenomena in polycrystalline materials do 
not obey the classical laws of elasticity but instead exhibit anelastic 
effects.* Ke states, measurements of the properties of a solid by 

quasistatic methods indicate that the strain lags behind the stress and 
gives rise to stress relaxation. " The degree of stress relaxation ob- 
served is time dependent and hence, the dynamic modulus of rigidity is 
affected markedly by the frequency of vibration of the system. 

Single crystals obey the classical lavjs of elasticity at tempera- 
tures somei7hat removed from the melting temperature. However, at any 
temperature below the melting point, grain boundary relaxation cannot 
occur because of the absence of grain boundaries. Therefore, the measured 
modulus of elasticity of single crystals is designated as the unrelaxed 
modulus. In polycrystalline metals, however, the atoms between adjacent 
grains assume more or less random sites depending on the relative 
orientation of the neighboring grains. Under appropriate conditions of 
elevated temperatures and low strain rates, part of an applied shear 
stress can be relaxed across the grain boundaries because even though 
the grains behave elastically they can shear relative to one another. 
However, shear strains and consequently the relaxation of stresses can- 
not occur indefinitely since the grains form a self locking system. ' 



*Anelastic effects are defined as phenomena in which the strain is not 
a unique function of stress in the elastic region. 



Zener^^^ has calculated the fractional amount of the total shear stress 
that can be relaxed across the grain boundaries for an isotropic media 
by strain energy considerations for the case of equiaxed grains of 
uniform size. The resultant formula obtained was 

h (7+5<t-) / (7-K7--5o^) (1) 



where 

E = Relaxed Young’s modulus 
R 

= Unrelaxed Young's modulus 
(T“ = Poissons ratio 



The corresponding ratio of the rigidity moduli can be shown to be 
= 2 (7+5<r) / 5 (7-4o“) (2) 

where 

= Relaxed Rigidity modulus 
Unrelaxed Rigidity modulus 

For most cubic materials, (7'?-' 1/3 or 

Gj,/Gu-0.61 

Thus the amount of relaxation across the grain boundary is 1 -Gh/Gu or 
0.39 which is in good agreement with the observed value of approximately 
0.36. 

The temperature at which relaxation first occurs in polycrystalline 
aluminum is approximately 180°C at frequencies of about 1 cycle/sec. 
whereas relaxation occurs at approximately lOO^C for pure magnesium for 
a frequency of about 1 cycle/sec. as shown in Figure 1. Even though 
pure magnesium exhibits relaxation at a lower temperature than aluminum. 
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the addition of small amounts of magnesium to aluminum might increase 
the temperature at which relaxation first occurs because of the dif- 
ference in atomic radii of these two elements. Although the modulus of 
elasticity (G^) at low temperatures is known to be insensitive to im- 
purities, the variation of the modulus with temperature appears to be 
sensitive to impurity content as shown in Figure 2,(5) in general, 
alloying tends to raise the temperature at which relaxation first occurs 
but the data do not appear to be self consistent. As a consequence, a 
study involving wider ranges of alloying additions appears to be desirable 
in order to minimize the experimental errors arising from chemical 
analysis , 

As shown in Figure 1, the rigidity modulus is very sensitive to 
grain size and therefore an investigation of the effect of composition 
must be carried out at equivalent grain sizes. Since the modulus of 
single crystals and polycrystals of aluminum are identical at low tempera- 
tures, the single crystal curve may be readily obtained by extrapolation 
of the initial portion of the polycrystalline curve of pure aluminum. 

The single crystal curve for aluminum-magnesium alloys can be obtained 
in a similar manner and the data of Koester^^^ indicates that for 
magnesium contents of 2% or less, the curves of the rigidity modulus 
as a function of temperature will coincide with that for pure aluminum, 

Birch and Bancroft observed that the temperature at which re- 
laxation first occurred in polycrystalline aluminum was approximately 
450^0 when a frequency between 5>000 and B,000 cycles/sec, was employed. 

Consequently in order to evaluate the effects of alloying on the 
temperature at vjhich relaxation first occurs as well as the amount of 
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FIG. 2 



that relaxation, the following variables must be controlled: 

1, Grain size 

2, Frequency of vibration 

3, Chemical analysis 

The purpose of this investigation was to evaluate the effect of 
magnesium on the dynamic modulus of rigidity of aluminum at temperatures 
between 23^0 and 450 °C. 
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EQUIPMENT AND EXPERIMENTAL METHOD 

The equipment utilized in this study consisted essentially of 
(a) a device designed to effect a torsional moment about the longitudinal 
axis of a wire specimen with a frequency capable of accurate experimental 
measurement and (b) a cylindrical furnace with necessary controls for 
maintaining a uniform constant temperature within i 1°C over a specimen 
length of 18 inches at any temperature in the range between 23°C and 
460°C, a drawing of the furnace and the torsion system is shown in 
Figure 3» The torsion device consisted of an iron bar (A) mounted above 
the furnace and normal to the axis of the specimen (B), in line and a 
fixed distance from two electromagnets (C) which, when energized, caused 
the bar to swing against the magnets and thus impart a twisting moment 
to the wire specimen. The wire specimen (B) was suspended in the furnace 
by the use of a pin vise (D) secured to a stainless steel tube (E) which 
extended out of the furnace and was coupled to a brass rod (F), Sus- 
pended from the lower end of the wire specimen was a pin vise secured 
to a stainless steel rod (G) on which was mounted the mirror (H) and 
inertia bar (l), A beam of light reflected from the mirror was directed 
toward a chart which permitted measurement of the frequency of vibration 
by counting a given number of cycles and noting the time lapse. 

The furnace consisted of a transite cylinder (j) approximately 35 
inches in length and 6 inches in diameter containing an inner ceramic 
tube (K) having a diameter of 1,75 inches on which was wound three 
separate windings of nichrorae wire to allow independent control of the 
power input to either the top, middle or lower section of the furnace. 
Fitted inside this ceramic tube at either end was a ceramic tube (L), 
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having a length of five inches. Between the two ceramic tubes and 
separated by two transite washers (M), was a copper tube (N) approximately 
25 inches long having an l/8 inch wall. The wire specimen used was 18 
inches in length and was well within the zone of the furnace defined 
by the location of the copper tube. 

The temperature within each of the three furnace zones was controlled 
by the use of an auto transformer and microifiax controller with the control 
thermocouples (Iron-constantan) located as shown in Figure 3. The temper- 
ature of the atmosphere within the furnace adjacent to the wire specimen 
was measured by four thermocouples ( Iron-constantan) located 4 l/2 
inches apart as shown in Figure 3. 

The specimens chosen for study included pure aluminum and the 
following aluminum alloys* 



Alloy Desifirnation 


Mg 


Si 


Fe 


Cu 




446 


.001 


0 

0 

• 


0 

0 

• 


.006 


Balance 


451 


.554 


.003 


0 

0 

• 


.007 


ft 


452 


1.097 


.004 


• 

0 

0 


,007 


M 


453 


1.617 


0 

0 

• 


.004 


.006 


tf 



The specimens were made from sheet material having a thickness of 
approximately 0.070 inches, A rectangular section (0,070x0,070x7.00) 
was cut from the sheet and was finished manually using a fine grade of 
sandpaper and kerosene until all discontinuities were removed and a 
circ\ilar section was obtained. This section was reduced by consecutive 
drawing through a series of die openings until a uniform diameter of 
about 0.030 inches was obtained. All specimens were annealed for 
five (5) hours at a temperature of 450®C. The annealed wire specimen 
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was cut to a convenient length, (about 21 inches) mounted between the 
pin vises and placed vertically in the furnace. Before comraencing the 
tests, the specimen was heated in situ at 450^0, for five (5) minutes 
and allowed to cool slowly to insure removal of effects of cold work 
occasioned by handling incident to mounting and installing the specimen 
in the furnace. 



The twisting moment acting on a mass tending to restore it to the 
equilibrium position subsequent to having been subjected to a torsional 
force and released is given by the equation 



MOIiENT OF n\IERTIA X ANGULAR ACCELERATION TWISTING MOLENT 

where 



I is the moment of inertia 
6 is the angle of twist 
G is the dynamic modulus of rigidity 
J is the polar moment of inertia 
1 is the speciraen length 



The above equation represents a simple harmonic vibration, the period 
of which is 



During the course of the present study, the moment of inertia and 



EXPERBENTAL METHOD 




( 1 ) 




( 2 ) 



the specimen length v;ere maintained constant; the polar moment of 



inertia, J, was computed for each specimen taking into account the vari- 
ation in the diameter of each wire to obtain an average overall diameter. 
(See appendix A) • 

The equation 



v/as used for computation of the polar moment of inertia using the cor- 
rected value for the diameter. The experimental method used was that of 
measuring the frequency, and subsequently calculating a relative value 
for the dynamic modulus of rigidity, 

A graph illustrating the variation of the moduli and the maximum 
temperature for resistance to relaxation for the aluminum alloys tested 
is given in Figure 4« 

To determine the extent of relaxation across the grain boundaries 
of the alloys investigated, a plot of Gp/G.. vs. temperature has also been 




( 3 ) 



prepared. 
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DISCUSSION OF RESULTS 

In order to determine the effect of alloying on the dynamic modulus 
of rigidity, frequency measurements were employed for calculating the 
values for the moduli at different temperatures. A graph illustrating 
the variation of the moduli and the maximum temperature for resistance 
to relaxation for pure aluminum and the aluminum-magnesium alloys of 
comparable grain size, as shown in Table I (Appendix A), is given in 
Figure 4« From the data of Koester, it is anticipated that the moduli 
for aluminum and aluminum-magnesium alloys would be identical at room 
temperature. This was observed to be correct within the experimental 
error of this investigation. On this basis, the aluminum-magnesium 
curves for dynamic modulus of rigidity vs. temperature were normalized 
about the curve for aluminum at room temperature. Within the experi- 
mental error, it is noted that the data obtained for the different 
alumin\im-magnesiura alloys justifies drawing a single curve through the 
plotted values for the moduli. This fact in view of the different 
amounts of alloying element present leads to some very interesting con- 
cepts. It is shown also by Figure 4 that the concentration of magnesium 
atoms contained in the alloy of lowest magnesium content is sufficient 
to effect maximum resistance to relaxation. It is anticipated, therefore, 
since further addition of alloying element does not change the modulus 
for any given temperature and frequency, that the addition of the first 
amount of solute atoms goes primarily into the grain boundaries. 

This observation is justifiably taken in view of the followings 
(a) that the change in the modulus of a single crystal of pure aluminum 
is linear with temperature j (b) an identical slope is observed for the 
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series of polycrystalline pure aluminum and aluminum-magnesium alloys 
in the low temperature range; (c) as shown conclusively by K^, the 
deviation of the modulus of polycrystalline pure aluminum from the 
initial uniform slope is due to relaxation across the grain boundary; 

(d) the deviation of the aluminum-magnesium alloys from the initial 
slope must therefore also be due to a grain boundary effect. This 
phenomena associated v/ith the nature of the grain boundaries is not 
unexpected. Even though the exact nature of the grain boundary is un- 
known, it is knovm that the grain boundary departs markedly from the 
lattice structure of the grain itself. In this case, the addition of 
the solute magnesium atoms to the solvent aliiminum atom indicates that 
some of the magnesium goes to the interface or grain boundary. This 
interpretation is demanded by the Gibbs absorption equation for dilute 
mixing^^^ when the solvent has a lower surface tension than the solute. 

The atomic radii of an aluminum atom has been determined to be 

—8 

2.856 X 10“ cm. whereas the atomic radii for a magnesium atom is given 

—8 

as 3.190 X 10“ cm. It seems very reasonable that the atoms of different 
radii vo.ll be accommodated more easily v/ithin the grain boundary due to 
its more or less random arrangement of atoms. To attempt to fit the 
larger magnesium atom into the aluminum grain would most certainly re- 
sult in strain energy being exerted within the aluminum grain due to 
the resistance of the aluminum atoms to the action of compressive forces 
which would be necessary to provide the space for the larger magnesium 
atom. 

If it is presumed that the thickness of the grain boundary is of 
the order of five atomic diameters and that the grains are cubic, it can 
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be shovm that for grains of 'approximately 0.02? cm. in diameter, there 
are of the order of 10^^ atoms in the grain boundary enclosing 1 cm^ 
of material. Of the alloys tested, the alloy of lowest magnesium 
content (0.54^ Mg) contains 10^ times this many atoms per cra^. From 
this consideration, it is apparent that even the lowest magnesium alloy 
would provide a sufficient number of magnesium atoms to completely 
fill the grain boundary. However, the number of solute atoms in the 
grain boundary is given by 




xvhere 



n 

n 

Q 

R 

T 



•=. no. of atoms in grain boundary 
Q = total number of solute atoms 

- energy of activation 

- gas constant 

= absolute temperature 



Consequently the grain boundaries cannot be completely filled with solute 
atoms even for the lowest magnesium alloy since a portion of the solute 
atoms are accommodated vxithin the grain. It is interesting to note that 
from the above argument an alloy containing even smaller additions of 
magnesium might be expected to reveal less marked effects in restraining 
grain boundary shear. 

The extent of relaxation across the grain boundaries of the alloys 
investigated can be shov/n by a plot of temperature. From the 

plot. Figure 5, it is noted that the presence of magnesium results in a 
ratio, or degree of relaxation of .31 as compared vdth a Gp/G:^ 
ratio for pure aluminum of 0.36 at 460°C which was the highest test 
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temperature employed. However, closer inspection of the curves in 
Figure 5 indicate that the curves are nearly parallel which suggests 
that the total amount of relaxation will be approximately the same over 
wider ranges of temperature. It appears therefore that the presence of 
magnesium atoms raises the temperature for relaxation for the same 
frequency which merely displaces the entire relaxation curve to higher 
temperatures. This would imply that the difference in the position of 
the curves is dependent only on the difference in the activation energy 
for the pure aluminum and aluminum-magnesium alloys. As such, it is 
possible to estimate the energy of activation for the aluminum-magnesium 
alloys by employing the known value of Q for pure aluminum, and evaluating 
the frequency and temperature at a constant ratio in the region of 

the inflection of the Gj^/G^ vs. T curve. In this case 




where 

f^ = frequency of vibration at 
f£ - frequency of vibration at T 2 

= activation energy for shear in pure aluminum 
- activation energy for shear in Al-Mg alloys 
R — gas constant 
T c absolute temperature 

0 ^' e, 

where is assumed to be 34,500 cal/mole^^^, and Gj^/G^ is taken at 
0.8, Q 2 is found to be 36,800 cal/mole. Similar calculations of Q 2 for 
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other %/Gy values between 0,70 and 0,85 are in agreement with the above 
value o 

The G|^/G^ value of 0,64 obtained experimentally for pure aluminum 

compares very favorably with the theoretical ratio of GJ^G^ for pure 

aluminum of 0,636 as determined by Ke employing Zener's equation 

(q) 

and Birch's' ^ value of Poisson's ratio. 



CONCLUSIONS 



1. The variation noted in the moduli of pure aluminum with temperature 
confirms the results obtained in the original work by Ke. 

2. Presence of Magnesium in amounts of 0,^k% or greater raises the 
temperature at inhich grain boundary relaxation first occurs. 

3. The presence of magnesium in amounts above a certain critical value 
(0.54^ or less) is not effective in further increasing the relaxation 
temperature . 

4. Over the temperature and frequency range investigated the amount 
of relaxation is less for the aluminum magnesium alloys than for pure 



aluminum. 
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APPENDIX A 



TABLE I 



Alloy 


446 




452 


453 


Diameter 


0.0321 


0.0323 


0.0320 


0.0291 


(in) 


O.O3I8 


0.0324 


0.0320 


0.0290 




0.0320 


0.0323 


0.0321 


0.0289 




0.0319 


0.0321 


0,0321 


0.0293 




0,0316 


0.0324 

0,0321 


0.0323 

0.0322 


0.0295 

0.0294 

0.0290 

0.0292 

0,0291 



Average (in) 


0.0319 


0.0323 


0.0321 


0.0292 


(cm) 


0.0810 


0.0820 


0,0815 


0.0741 


No, of grains 
across diameter 


3 


3 


3 


3 



Average diameter of all specimens 0,080 cm 



Grains measured (av) 3 



cm _ 0,080 _ 0,027 

grain ” 3 ” 
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EXFERIMEKTAL DATA 

^1 nmn\ p 



Pure Aluminum #446 




Temp. 

°C 


Cycles 

U9.5 


Time 

(Seel 


Av.Time 

ISe _ c ± 


23 al 


224.96 


225.01 


62.6 


149.5 


225.06 

225.31 


225.41 


64.6 


99.5 


225.50 

151.13 


151.09 


111.5 


99.5 


15J.04 

151.95 


151.97 


142.4 


124.5 


151.99 

190.25 


190.30 


180,4 


59.5 


190.35 

91.50 


91.60 


218.9 


29.5 


91.60 

91.70 

46.53 


46.45 


260.2 ' 


29.5 


46.40 

46.40 

46.48 

47.08 


47.12 


228.5 


14.5 


47.15 

47.13 

23.89 


23.82 


318.0 


9.5 


23.79 

23.77 

16.29 


16.22 


344.8 


9.5 


16.19 

16.19 

16.80 


16.88 


348.1 


9.5 


16.90 

16.84 

17.19 


17.U 


372.0 


9.5 


17.10 

17.12 

17.09 

17.18 

17.72 


17.69 


399.6 


9.5 


17.60 

17.74 

17.69 

18.29 


18.25 


436.7 


9.5 


18 >20 
18.90 


18.90 


459.0 


9.5 


18.90 

19.36 


19.35 



19.40 

19.29 



Frequency 

(Cycles/sec) 


« 

Frequency^ 

(Cycles^/sec^ 


G 

Relative 

Units 


• 6645 


.4416 


.4783 


.6633 


.4400 


.4765 


.6586 


.4338 


.4698 


.6547 


.4286 


.4642 


.6542 


.4280 


.4635 


.6496 


.4220 


.4570 


.6351 


.4034 


.4419 


.6261 


.3920 


.4245 


.6087 


.3705 


.4013 


.5857 


.3430 


.3715 


.5628 


.3167 


.3430 


.5543 


.3072 


.3327 


.5370 


.2884 


.3123 


.5205 


.2709 


.2? 34 


.5206 


.2526 


.2736 


.4950 


.2450 


.2653 
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EXPERIMENTAL DATA 



Alloz_451 

Tsnip • 

°c. 


Time 

(See) 


Av.Time 

(Sec) 


Freq.' 

( /sec) 


Freq. 2 
L/sec^) 


G 

Relative 


G* 

Units 


23.1 


149.5 


221.22 

221.23 


221.22 


.6758 


.4567 


.4709 


.4783 


82.2 


149.5 


223.09 

223.18 


223.14 


.6700 


.4489 


.4628 


.4702 


128.7 


99.5 


149.70 

U9.78 


149.^74 


.6645 


.U16 


.4553 


•4626 


149.6 


99.5 


150.13 

150.09 


150.11 


.6628 


.4393 


.4529 


.4601 


192.2 


49.5 


75.35 

75.41 


75.38 


.6566 


.4311 


.4U5 


.4516 


258.4 


24.5 


37.87 

37.79 


37.83 


.6477 


.4194 


.4325 


.4394 


302.4 


9.5 

14.5 


15.07 

22.96 


63.04 
63 .16 , 


.6310 


.3981 


.4104 


.a70 


343.3 


9.5 


15.86 

15.81 

15.90 


15.85 


.5994 


.3593 


.3704 


.3763 


370.0 


9.5 


16.40 

16.40 

16.36 


16.39 


.5796 


.3359 


.3463 


.3518 


392.2 


9.5 


16.90 

16.90 

16.89 


16.90 


.5621 


.3160 


.3258 


.3310 


427.8 


9.5 


17.78 

17.70 

17.74 


17.74 


.5355 


.2868 


.2956 


.3003 


459.0 


9.5 


18.33 

18.30 

18.27 


18.30 


.5191 


.2695 


.2778 


.2822 



G* Normalized 
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EXPERIMENTAL DATA 



Alloy 452 
Temp. 




Time 

(Sec) 


Av.Time 

(Sec) 


Freq. 

( /sec) 


Freq. 2 
( /sec2) 


G 

Relative 


G-K- 

Units 


23.1 


124.5 


186.31 

186.40 


186.36 


.6681 


.4464 


.4718 


.4783 


126.0 


99.5 


151.25 

151.40 


151.33 


.6575 


.4323 


.4569 


.4633 


199.1 


99.5 


152.77 

152.71 


152.74 


.6514 


.4243 


.4485 


.4548 


251.6 


59.5 


92.63 

92.61 


92.62 


.6424 


.4127 


.4362 


.4423 


301.1 


19.5 


31.12 

31.09 


31.11 


.6268 


.3929 


.4153 


.4211 


331.1 


14.5 


23.80 

23.89 


23.84 


.6082 


.3699 


.3910 


.3965 


360.0 


9.5 


16.42 

16.37 


16.40 


.5793 


.3356 


.3547 


.3597 


401.3 


9.5 


17.35 

17.43 

17.40 

17.35 

17.29 


17.38 


.5466 


.2988 


.3158 


.3202 


430.7 


9.5 


18.00 

18.03 


18.02 


.5272 


.2779 


.2937 


.2978 


465.6 


9.5 


18.52 

18.60 


18.56 


.5119 


.2620 


.2769 


.2807 



Normalized 
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EXPERBIENTAL DATA 



AUoy 453 



Temp. 

°C 




Time 

(Sec) 


Av.Time 

(Sec) 


Freq. 

( /sec) 


Freq.^ 

( /sec^) 


G 

Relative 


G* 

Units 


23.1 


149.5 


269.52 

269.46 


269.49 


.5548 


.3078 


.4749 


.4783 


70.6 


149.5 


269.90 

269.97 


269.93 


.5538 


.3067 


.4732 


.4725 


123.8 


99.5 


IS2.03 

181.94 


181.99 


.5467 


.2989 


.4612 


.4644 


178.7 


59.5 


110.11 

110.21 


110.16 


.5401 


.2917 


.4501 


.4533 


233.5 


49.5 


92.42 
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